Perfluorohexanoic acid (PFHxA) is increasingly used in industries and widely detected in water environment. Conventional wastewater treatment plants are ineffective to treat PFHxA. Therefore, effective removal techniques are required to minimize health risks and environmental impacts. In this study, adsorption capacities of PFHxA onto three strong base anion exchange polymers (PFA300, PFA400 and A860), two weak base anion exchange polymers (BA103 and MN102), non-ion exchange polymers (XAD4) and granular activated carbon (GAC) were studied by batch experiments. Effects of chloride, sulfate and nitrate ions on the PFHxA adsorption were investigated for all adsorbents. The Freundlich equation was fitted with the equilibrium adsorption data. BA103 exhibited the highest adsorption capacity (412 mg/g) because it had the highest exchange capacity. Amounts of PFHxA adsorbed onto adsorbents decreased when chloride, sulfate and nitrate ions increased in the solution. Nitrate ion had more effects on the adsorption capacities of PFHxA than sulfate and chloride ions. BA103 had the highest adsorption capacity of PFHxA in presence of chloride, sulfate and nitrate ions. BA103 showed as an effective adsorbent to remove PFHxA in water/ wastewater.
INTRODUCTION
Perfluorinated compounds (PFCs) are used in a variety of industrial products such as plating, semiconductor production and fluoropolymer manufacturing 1) . Perfluorooctane sulfonate (PFOS) and perfluoroctanoic acid (PFOA) are dominant PFCs, often found in water environment. PFOS and PFOA are fluorinated eight carbons (C8) which are persistent, bioaccumulative and toxic 2, 3) . Manufacturers and suppliers of fluororesins are reducing their use and emission of PFOS and PFOA. PFOS, its salts, its precursor compounds and perfluorooctane sulfonyl fluoride have been officially added into the list of the Stockholm Convention 4) . PFOA and related chemicals are currently being phased out by eight major manufacturers through a voluntary stewardship agreement with USEPA 5) . Some companies have switched to C6 PFCs such as perfluorohexanoic acid (PFHxA) to replace C8 chemicals such as PFOS and PFOA. The trend of using PFHxA in industries is increasing. However, the chronic toxicity of PFHxA to human is unclear.
PFCs were incompletely removed by the biological wastewater treatment process 6, 7) . Recently, high levels of PFHxA were detected in downstreams of PFC related manufacturers [8] [9] [10] . Thus, the developments of effective PFHxA removal techniques in industrial wastewater are needed. The physicochemical treatment processes including adsorption [11] [12] [13] [14] [15] , sonochemical treatment 16) and membrane filtration 17) have been studied to remove PFCs. Adsorption is revealed to be a promising technique to treat polluted wastewater due to its effectiveness and low cost. Activated carbon has been used to remove PFOS and PFOA in synthetic wastewater [12] [13] [14] [15] . Recently, some researchers have reported that anion exchange polymers have higher adsorption capacity than activated carbon for both PFOS and PFOA 12, 15) . Adsorption of PFHxA onto anion exchange polymers, non-ion exchange polymers and GAC have not been well studied.
In general, inorganic anions and cations as well as dissolved organic matter are present in industrial wastewater. Chloride, sulfate and nitrate ions are common anions in industrial wastewater. The anions can directly compete with target compounds for the adsorption sites on anion exchange polymers 18, 19) . Therefore, the investigation of selective absorption of PFHxA in presence of competing anions is necessary to solve practical adsorption treatment techniques. The selectivity of strong and weak base anion exchange polymers depend on their polymeric matrix (e.g. styrene-divinylbenzene or acrylic), porosity (e.g. gel or macroporous) as well as the basicity of functional groups 20) . There are two types of strong base anion exchange polymers in which type I (trimethylbenzylammonium) is more strongly basic than type II (dimethylethanolaminium). Weak base anion exchange polymers can effectively exchange only the anions of weaker acids due to their low basicity in functional groups 21) . In this study, PFHxA adsorption capacities onto strong base anion exchange polymers (PFA300, PFA400 and A860) and weak base anion exchange polymers (BA103 and MN102) in synthetic wastewater were determined. The PFHxA adsorption capacities onto anion exchange polymers will be compared to non-ion exchange polymers (XAD4) and granular activated carbon (GAC) in the synthetic wastewater. Moreover, batch experiments were carried out to all adsorbents to determine the selectivity to PFHxA in presence of chloride, sulfate and nitrate ions.
MATERIALS AND METHODS (1) Chemicals and adsorbents
PFHxA (98%), methanol (LC/MS grade), acetonitrile (LC/MS grade) and the other inorganic chemicals were purchased from Wako Chemicals (Japan). Anion exchange polymers, non-ion exchange polymers and GAC were purchased from Purolite Company, Sigma Aldrich and Calgon Mitsubishi Chemical (Japan). Table 1 shows properties of anion exchange polymers. Polymeric adsorbents were washed with Milli-Q water followed by methanol to remove dirt and PFHxA. Then, polymeric adsorbents were washed again by Milli-Q water to remove the remaining methanol and dried at 50°C. Table 2 shows properties of non-ion exchange polymers and GAC. The GAC was washed with Milli-Q water (25°C) several times, and then it was boiled at 80°C of Milli-Q water for two hours to remove impurities. The GAC was dried at 105°C for 48 hours followed by being crushed and sieved through 1.0-1.4 mm meshes. A total pore volume was 0.61 cm 3 /g and pore size distributions of (2) Adsorption isotherm experiments Adsorption isotherm experiments were carried out using a bottle-point technique. Table 3 shows the summary of experimental conditions in this study. The adsorbent (1 mg) was placed into polypropylene each bottle containing 100 mL of PFHxA solution in Milli-Q water. The initial concentration of PFHxA solutions were 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1 and 2 mg/L. For control samples, the adsorbents were not added to PFHxA solutions to ensure that PFHxA did not lose during shaking. All samples were shaken at 120 rpm and 25⁰C for 96 hours using a thermo shaker (n = 2). The adsorbents were immediately filtrated by GF/B glass filters after shaking. Filtrated samples were diluted with 40% (v/v) acetonitrile in Milli-Q water and then analyzed by Agilent 1200SL high-performance liquid chromatography tandem mass spectrometry (HPLC-MS/MS ).
(3) Effects of chloride, sulfate and nitrate ions on PFHxA adsorption experiments
Because high levels of PFHxA were detected in downstreams of PFC related industries, possible sources could be industrial wastewater. The concentration of PFHxA in the original wastewater generated from industrial process might be mg/L level. Chloride, sulfate and nitrate ions are common anions in industrial wastewater which their concentration also depends on industrial process. The effects of anions on PFHxA adsorption were investigated. The adsorbents (10 mg) were added to 100 mL of mixture solutions. The mixture solutions had 5 mg/L of PFHxA and different concentration of anions (0 to 600 mg/L) in Milli-Q water (n = 2). The pH values of the solutions were adjusted to 7 with 0.1 M HCl or NaOH. The chloride, sulfate and nitrate solutions were prepared from NaCl, Na 2 SO 4 and NaNO 3 . All samples were shaken at the same condition. The adsorbents were immediately filtrated by GF/B glass filters after shaking. These filtrated samples were diluted and analysed by HPLC-MS/MS.
(4) HPLC electrospray tandem mass spectrometry
A ten μL of sample was injected into an Agilent Eclipse XDB-C18 column (2.1 mm  100 mm, 5 μm). The mobile phase was 5 mM ammonium acetate in Milli-Q water and 100 % acetonitrile (LC/MS grade). The flow rate was set at 0.25 mL/min. The HPLC was interfaced with an Agilent 6400 triple quadrupole mass spectrometer (MS/MS, Agilent) for quantitative determination. The mass spectrometer was operated in the electrospray ionization (ESI) negative mode. Analyte ions were monitored using multiple reactions monitoring (MRM) mode. Table 4 shows the analytical parameters of PFHxA analyzed by HPLC-MS/MS. 
RESULTS AND DISCUSSION (1) Adsorption isotherms
The shaking duration of the isotherm experiment was 96 hours to ensure that all adsorbents attain their equilibrium concentration. Adsorption isotherms of all adsorbents were determined from the adsorption equilibrium data with the Freundlich equation. This equation is an empirical relationship describing the adsorption of solute from a liquid to solid surface. The Freundlich isotherm is defined by = .
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(1) where q e is the concentration of PFHxA in solid phase (mg/g) and C e is the equilibrium concentration of PFHxA in solution (mg/L). K f is the Freundlich adsorption constant related to adsorption capacity. n is the Freundlich exponent. The Freundlich equation is widely used to describe the adsorption capacity of many compounds onto heterogeneous surface, including activated carbon, hydrotalcite, anion exchange polymers and silica 12, 17, 18, 22) . This model is based on the multilayer adsorption. Multilayer adsorption occurs at a higher equilibrium concentration due to the hydrophocity of the C-F chains in PFHxA. Figure 1 shows the adsorption isotherms of PFHxA onto different adsorbents using the Freundlich equation. The Freundlich isotherm constants of PFHxA adsorbed onto all adsorbents in this study are shown in Table 5 . The Freundlich equation fitted all adsorbents with squared correlation coefficients (R 2 ) ranging from 0.950 to 0.998.
In this study, the effect of the power n can be neglected when the equilibrium concentration (C e ) is 1 mg/L. The amount of PFHxA adsorbed onto the adsorbents at this equilibrium concentration is K f value. Anion exchange polymers had different types of polymeric matrix, functional group, ion exchange capacity, and porosity that affected their PFHxA adsorption capacities. BA103 had higher adsorption capacity of PFHxA than PFA300, PFA400, A860 and MN102. The adsorption capacities of PFHxA onto anion exchange polymers were related to their exchange capacities in Table 1 . BA103 had the highest adsorption capacity of PFHxA (412 mg/g) because it had the highest exchange capacity (1.5 eq/kg). PFA300 had a higher adsorption capacity than A860 and PFA400 because type II polymers have a slightly higher adsorption capacity than type I polymers 23) . A860 exhibited slightly higher adsorption capacity than PFA400 which may to attribute to macroporous structure of A860. Multilayer adsorption of PFHxA can occur via hydrophobic interaction Table 5 The Freundlich isotherm constants for the adsorption of PFHxA onto adsorbents
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after PFHxA was first adsorbed on the polymers through anion exchange. XAD4 is white translucent beads characterized by a macroreticular porous structure. The polystyrene matrix of XAD4 is highly hydrophobic. It means that XAD4 is difficult to contract with solution. As a result, XAD4 had small adsorption capacity of hydrophilic organic compounds from solutions 24) . XAD4 exhibited the lowest adsorption capacity of PFHxA (2 mg/g).
GAC was commonly used to remove organic compounds in water/wastewater. The GAC had lower PFHxA adsorption capacity than anion exchange polymers except MN102. On the other hand, the GAC had higher adsorption capacity than non-ion exchange polymers (XAD4). It can be explained that the bonding forces between adsorbate and adsorbent of non-ion exchange polymers were usually weaker than those of GAC 25) . The values of n were closer to one for anion exchange polymers (PFA300, PFA400, A860, BA103 and MN102) than XAD4 and GAC. It means that XAD4 and GAC had more nonlinearity than anion exchange polymers due to adsorption site heterogeneity and adsorbate-adsorbent interactions 24, 26) . The values of K f and n of PFHxA were compared to those of PFOA because PFHxA and PFOA have some similar properties. The values of K f and n of PFOA onto PFA300, XAD4 and GAC were reported in a previous study 27) . Figure 2 shows the relationships between the Freundlich isotherm constants (K f and n) of PFOA and PFHxA. Adsorption mechanism of PFCs (PFHxA and PFOA) onto anion exchange polymers (PFA300) was hypothesized to be mainly related to ion exchange. If ion exchange is the dominant mechanism in the adsorption process and all exchange sites are available for the adsorbate, the adsorption capacity of PFHxA and PFOA should be similar. However, the adsorption capacity of PFHxA was higher than those of PFOA onto PFA300 which this results similar to the previous study. The adsorption capacity of perfluorobutane sulfonate (PFBS) was much higher than that of PFOS onto the anion exchange polymers 18) . It was explained that PFBS more hydrophilic than PFOS, the higher adsorption capacity of PFBS than PFOS may also be related to the greater hydrophilicity of PFBS 18) . In contrast, the adsorption capacities of PFHxA were lower than those of PFOA onto XAD4 and GAC. PFOA has a long C-F chain (C8) which it was more hydrophobic than PFHxA (C6). Surfaces of activated carbon are generally non-polar with few functional groups and XAD4 also are non-polar adsorbent which they are suitable for removing hydrophobic pollutants. Thus, PFOA was easier to be adsorbed onto the surface of XAD4 and GAC by hydrophobic interaction.
The value of n of PFOA onto XAD4 (n = 1.37) and GAC (n = 1.37) had more nonlinearity than PFA300 (n = 1.04) which similar to values of n of PFHxA. It means that adsorption of PFOA onto XAD4 and GAC had more nonlinearity than PFA300 due to adsorption site heterogeneity and adsorate-adsorbent interactions 24, 26) .
(2) Effects of chloride, sulfate and nitrate ions on
PFHxA adsorption capacity Generally, chloride, sulfate and nitrate ions are always in industrial wastewater. Adsorption selectivity of PFHxA in presence of these competing anions was investigated for real applications. Figure 3 shows the effects of chloride, sulfate and nitrate ions on the adsorption of PFHxA onto different adsorbents. Adsorption capacities of PFHxA onto polystyrene polymers (PFA300, PFA400, BA103 and MN102) gradually decreased when anions concentration increased from 0 to 600 mg/L. The increasing concentration of anions results in the increasing competition between the PFHxA and anions, which may interact with the functional groups of the polymers. Adsorption capacities of PFHxA onto BA103 were higher than those of PFA300, PFA400 and MN102 at the same concentration of chloride, sulfate and nitrate ions. At 600 mg/L of chloride, sulfate and nitrate ions, the adsorption capacities of PFHxA onto BA103 reduced by 21%, 26% and 50%. Adsorption capacities of PFHxA onto MN102 reduced by 70%, 75% and 97% at the same anion concentration. It also can be seen that nitrate ion had more effects on the adsorption of PFHxA than sulfate and chloride ions. The mechanism of selective removal by anion exchange approach could be explained with the nature of ion (monovalent and divalent ion) and the hydration energy (G o ) of the target ion. For monovalent ions, it could be explained that the adsorption process was favored by the higher hydration energy 28) . The value of hydration energy of nitrate (G o , -314 kJ/mol) was higher than those of chloride (G o , -363 kJ/mol) 29) . Thus, this indicated that nitrate ion had more effects of PFHxA adsorption capacities onto anion exchange than chloride ion.
Adsorption capacities of PFHxA onto A860 (polyacrylic polymers) dramatically decreased when the anions were present in the solutions. The polyacrylic polymers were more hydrophilic, therefore, adsorbed more water in the solutions than styrene polymers 30) . The anions in the solutions might be easily exchanged (with mobile ions) instead of PFHxA on polyacrylic polymers. The PFHxA adsorption capacities reduced by 95% at 50 mg/L of anions concentrations. Therefore, A860 was not suitable to remove PFHxA in solutions containing chloride, sulfate and nitrate ions.
There were no significant effects of anions on PFHxA adsorption capacities onto XAD4 because XAD4 is non-polar (hydrophobic polymers). The binding of organic compounds onto XAD4 polymers was related with physical rather than chemical process 31) . Although the anions had no effects on adsorption of PFHxA onto XAD4, it was not suitable to remove PFHxA due to its low adsorption capacity of PFHxA. Adsorption capacities of PFHxA onto GAC slightly decreased when the anions concentration increased. Nitrate ion had more effect on the adsorption of PFHxA onto GAC than sulfate and chloride ions. The explanation of mechanism of selective removal by GAC was similar to anion exchange polymers. The values of hydration energy are related to the hydrophobicity of the ions. More hydrophobic ions are favorable to remove by GAC. Thus, nitrate ion had more effects of PFHxA adsorption capacities onto GAC than chloride ion.
CONCLUSIONS
Adsorption capacities of PFHxA onto anion exchange polymers (PFA300, PFA400, A860, BA103 and MN102), non-ion exchange (XAD4) and GAC were investigated. The Freundlich equation was used to fit the adsorption data with high squared correlation coefficients (R 2 ). BA103 had the highest adsorption capacity of PFHxA in this study (412 mg/g). Furthermore, the effects of chloride, sulfate and nitrate ions on the adsorption of PFHxA were investigated for all adsorbents. The adsorption capacities of PFHxA onto anion exchange polymers and GAC decreased when anions concentration increased from 0 to 600 mg/L. BA103 had the highest adsorption capacity of PFHxA in solution containing chloride, sulfate and nitrate ions. Therefore, BA103 can be applied to remove PFHxA in the water/wastewater. 
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